We detect 353 X-ray point sources, mostly low-mass X-ray binaries (LMXBs), in four Chandra observations of Centaurus A (NGC 5128), the nearest giant earlytype galaxy, and correlate this point source population with the largest available ensemble of confirmed and likely globular clusters associated with this galaxy. Of the X-ray sources, 31 are coincident with 30 globular clusters that are confirmed members of the galaxy by radial velocity measurement (2 X-ray sources match one globular cluster within our search radius), while 1 X-ray source coincides with a globular cluster resolved by HST images. Another 36 X-ray point sources match probable, but spectroscopically unconfirmed, globular cluster candidates. The color distribution of globular clusters and cluster candidates in Cen A is bimodal, and the probability that a red, metal rich GC candidate contains an LMXB is at least 1.7 times that of a blue, metal poor one. If we consider only spectroscopically confirmed GCs, this ratio increases to ∼3. We find that LMXBs appear preferentially in more luminous (massive) GCs. These two effects are independent, and the latter is likely a consequence of enhanced dynamical encounter rates in more massive clusters which have on average denser cores. The X-ray luminosity functions of the LMXBs found in GCs and of those that -2 -are unmatched with GCs reveal similar underlying populations, though there is some indication that fewer X-ray faint LMXBs are found in globular clusters than X-ray bright ones. Our results agree with previous observations of the connection of GCs and LMXBs in early-type galaxies and extend previous work on Centaurus A.
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Introduction
Observations of early-type galaxies with the Chandra X-ray Observatory have shown that a significant fraction of low-mass X-ray binaries (LMXBs) in these galaxies are associated with globular clusters (GCs) (see Fabbiano 2006 , for a review). The fraction of LMXBs identified with known GCs around massive early-type galaxies varies from at least 20% in NGC 4697 (Sarazin et al. 2001 ) to a remarkable 70% in NGC 1399, the central giant elliptical of the Fornax cluster ). In the Milky Way ∼10% of all bright LMXBs are found in GCs, even though the GCs account for < 10 −3 of the stellar mass of the galaxy (e.g. Katz 1975; Grindlay 1993) .
The overabundance of LMXBs in GCs is thought to be due to their high central densities, which result in greatly enhanced rates of dynamical interactions with respect to the field. These interactions can lead to the creation of LMXB progenitors via dissipative encounters between neutron stars and ordinary stars (e.g. Fabian et al. 1975) , or encounters in which a compact object replaces a member of a binary in a three-body interaction (e.g. Hills 1976 ). This picture is supported by observations in the Milky Way and nearby early-type galaxies (Pooley et al. 2003; Jordán et al. 2004; Sivakoff et al. 2007; Jordán et al. 2007 ) which show that estimates of GC dynamical collision rates are good predictors for the presence of LMXBs in GCs.
It has even been suggested that almost all LMXBs are formed in the cores of GCs and either are later ejected from their host clusters due to the evaporation of the GCs or escape the cluster due to dynamical processes or kick velocities imparted at birth. Recent analyses suggest that this is not the case though, as observations seem to require the presence of a bona fide population of field LMXBs besides a component whose formation is connected to GCs (Irwin 2005; Juett 2005 ). Moreover, Fabbiano et al. (2007) have recently shown that GCs in NGC 3379 lack low luminosity LMXBs when compared to the field population, implying that the latter cannot have originated from GCs (see also Voss & Gilfanov 2007) . To date, large populations of LMXBs have been found in X-ray observations of E/S0 galaxies over a wide range of luminosities (e.g. Sivakoff et al. 2007; Kundu et al. 2007 ) and in large disk galaxies such as M31, NGC 3115, and NGC 4594 (Fan et al. 2005; Kundu et al. 2003; Di Stefano et al. 2003) .
In this paper, we present results from a correlation of the LMXB population, detected as point sources in Chandra/ACIS observations, with the optically detected GC population in the galaxy Centaurus A (Cen A, NGC 5128). A previous study of the connection between GCs and LMXBs in Cen A, using smaller optical and X-ray catalogs, is presented in Minniti et al. (2004) . Cen A is the nearest massive early-type galaxy (M B = −21.1) (Dufour et al. 1979) , and has been widely studied across the electromagnetic spectrum (for a comprehensive review, see Israel 1998) . X-ray observations of Cen A (Feigelson et al. 1981; Turner et al. 1997; Kraft et al. 2000 Kraft et al. , 2002 Kraft et al. , 2003a Hardcastle et al. 2007 ) reveal several distinct emission components, including a bright, compact and variable nucleus, an X-ray jet perpendicular to the dust lane and aligned with radio features, and diffuse emission representing the hot phase of the interstellar medium. In addition, several hundred bright point sources are seen in X-rays (Kraft et al. 2001; Voss & Gilfanov 2006) , mostly representing the LMXB population.
Studying Cen A has major advantages over studies of the LMXB/GC connection in other early-type galaxies. First, Cen A is ∼5 times closer than the often-studied galaxies in the Virgo and Fornax clusters, which allows for a much deeper census and better characterization of its X-ray binary population. Second, at the distance of Cen A, a scale of 1 ′′ corresponds to a linear distance of just 18 pc, which is comparable to the physical diameters of GCs. Furthermore, Cen A has a moderately large GC population (≃ 1500 clusters; see , with a bimodal distribution in color, equally split between red and blue.
An intriguing aspect of the observations linking GCs with X-ray point sources has been that LMXBs in early-type galaxies are more likely to be found in the redder (highermetallicity Z) GCs. This trend already can be seen in the small Milky Way sample of LMXBs, but becomes much more evident in larger galaxies (e.g. Angelini et al. 2001; Kundu et al. 2002; Di Stefano et al. 2003; Jordán et al. 2004; Kim et al. 2006; Sivakoff et al. 2007; Posson-Brown et al. 2007; Kundu et al. 2007 ). The physical mechanisms underlying this observational result are still unknown, although several possibilities have been put forward, including metallicity dependent variations in the initial mass function (Grindlay 1987) , the link between metallicity and the outer convective zones of stars (Ivanova 2006 ) and the effects of metallicity on radiation induced stellar winds (Maccarone et al. 2004) .
A recent spectroscopically based survey of the cluster ages (∼ 150 GCs with Lick index measurements) by Beasley et al. (2007) indicates that the great majority of the GCs are old, with ages τ 10 Gyr. However, perhaps 20% of them (almost all on the metal-rich side) scatter to younger ages in the 6 to 8 Gyr range. For comparison, Rejkuba et al. (2005) show that the field halo stars in Cen A have a mean inferred age of 8 +3 −3.5 Gyr. In the Milky Way, the metal-rich clusters, including the LMXB hosts, are mostly old systems (Rosenberg et al. 1999 ). The two giant galaxies M87 and M49 in Virgo are found to have mostly old GC systems (Cohen et al 1998; Jordán et al. 2002; Puzia et al 1999; Beasley et al. 2000) and also show a preference for metal-rich GCs to host LMXBs . Thus the preference of X-ray binaries to be in higher metallicity clusters does not seem to be associated with age and must be primarily due to metallicity (see also Kundu et al. 2003) .
Recent work by Jordán et al. (2007) exploits the distance to Cen A in order to explore the detailed dependence of the incidence of LMXBs in GCs on the structural parameters of GCs such as their half-light radii and central densities. Jordán et al. (2007) conclude that neither concentration nor mass are fundamental variables in determining the presence of LMXBs in GCs, and that the more fundamental parameters relate to central density and size.
Various studies indicate that the half-light radii of metal-rich GCs in large E galaxies are ∼ 20% smaller than the metal-poor clusters (see Kundu & Whitmore (2001) , Jordán et al. (2005) , and Gómez & Woodley (2007) among others). Jordán (2004) shows that this could be a result of mass segregation and the longer lifetimes of lower metallicity stars for a given mass, under the assumption that the half-mass radii distribution does not depend on metallicity. In this case, we expect dynamical effects to be largely decoupled from the metallicity of GCs, but if the half-light radii reflect indeed a difference in half-mass radii at least part of the preference of LMXBs for metal-rich GCs could be due to their smaller average size and therefore denser cores. It is easy to show that dynamical processes cannot be responsible for all of the observed effect of metallicity on the incidence of LMXBs, even if there was a size difference consistent with that observed in other early-type galaxies. Assuming encounter rates scale with half-light radii r h as r −2.5 h (see Sivakoff et al. 2007 ) metal-rich GCs would need to be ∼ 50% smaller than their metal-poor counterparts in order to fully account for a threefold enhancement of the number of LMXBs in metal-rich GCs. This level of size difference is ruled out by the observations. The metallicity itself seems to be an important factor in producing LMXBs. This paper is organized as follows. We introduce the observations and discuss data reduction and point source detection in §2. In §3, we identify GCs from optical observations which are associated with the X-ray point sources, and discuss their properties in §4. In §5, we examine the X-ray properties of the point sources that are associated with GCs and compare with those not found in GCs. Finally, results are summarized in §6. In this analysis, we adopt a distance of 3.8 ± 0.2 Mpc for Cen A (an average of five precise standard candles including TRGB, PNLF, SBF, LVPs, and Cepheids; see McLaughlin et al. 2007; Ferrarese et al. 2007 , and references therein) and an integrated optical luminosity M t V = −22.0 (Dufour et al. 1979 ).
X-ray Observations

Chandra/ACIS data: Preparation and Analysis
We first present the analysis of four ACIS observations of Centaurus A with the Chandra X-ray Observatory. A summary of the observation log is given in Table 1 . All observations were made in FAINT mode. The level 1 events files of all four data sets were reprocessed to remove the pixel randomization, apply CTI correction, and remove flaring and hot pixels. The work described here includes a re-processing/re-analysis of our results presented in Kraft et al. (2001) . For every ACIS observation, X-ray light curves were extracted for each CCD in the 5.0-10.0 keV band, excluding the nucleus and point sources, to search for background flares. All periods when the background exceeded the mean by 3σ were removed. Total good times of the ACIS-S and ACIS-I observations are ∼94 ks and ∼68 ks, respectively.
The four data sets were aligned relative to each other by comparing the positions of 30 bright point sources within 3 ′ of the nucleus. The coordinates of the data sets were adjusted to minimize the root mean square separations of the ensemble of sources. The largest adjustment made to the astrometry for any data set was 1.2 ′′ . We also investigated whether any of the data sets were offset in roll angle, but found that no adjustment to the roll was necessary. These four data sets were then aligned on the sky in absolute coordinates by co-aligning the X-ray and radio nuclei. We estimate that the four data sets are aligned relative to each other to better than 0.1 ′′ , and in absolute sky coordinates to better than 0.5 ′′ .
Point Source Detection
The detection of point sources was performed on five data sets, individually on each of the four observations, and on the combined events file of the 2002 and 2003 ACIS-S observations (OBSID 2978 & 3965) . In general, we found it preferable to perform point source detection individually on each of the four data sets. Any improvements in signal to noise by combining all four data sets would be more than offset by the complexity introduced by the process. However, since the AO-3 and AO-4 observations were made with the same detector (ACIS-S) and with nearly identical roll angles, we have used the combination of these two observations.
For each of the five data sets, we created images at full resolution (i.e. 1 pixel ≡ 0.492 ′′ ) in three energy bands for each CCD, namely soft (0.5-2.0 keV), hard (2.0-5.0 keV) and combined (0.5-5.0 keV) bands. In all cases, the background far exceeds the nominal ACIS particle background over much of the FOV. The background in the soft band images is dominated by emission from hot gas in Cen A. The morphology of this emission has a complex spatial dependence, and the sensitivity is also spatially modulated by the variable absorption of the dust lane. The background in the hard band is dominated by the wings of the point spread function (PSF) of the bright active nucleus. This is most significant within ∼1
′ of the nucleus, but the X-ray AGN is so bright that it adds significantly to the background over the entire ACIS FOV.
Point source detection was performed with the CIAO software package wavdetect on spatial scales of 1.0, 1.414, 2.0, 2. 828, 4.0, 5.656, 8.0, 11.312, 16 .0 pixels, with a threshold of 10 −6 . Source detection was performed separately on each chip. We expect to detect roughly one false source per CCD at the sensitivity limit. We detect 353 sources, of which ∼10 are statistically likely to be mis-identified fluctuations in the background. The spatial distribution of sources is strongly peaked toward the center of the galaxy, demonstrating that the vast majority lie within Cen A and not unrelated foreground or background objects. The limiting sensitivity of these observations, however, is a widely non-uniform function of position on the sky, due to the spatial distribution of the ISM, differential absorption of the dust lane, the scatter from the nucleus, and the complex spatial dependence of the telescope PSF. Point sources detected in the two ACIS-I observations are complete and unbiased (defined as a 4σ measurement of the luminosity) to a luminosity of 2×10 37 ergs s −1 in the 0.1-10.0 keV band (unabsorbed). The limiting sensitivity of the two ACIS-S observations is roughly a factor of two lower than this because of the longer exposure, greater sensitivity of the backside illuminated CCD, and the position of the telescope best focus at the nucleus.
We performed a count rate to luminosity conversion assuming a 5 keV bremsstrahlung spectrum, typical of Galactic X-ray binaries, and absorption (N H =8.0×10 20 cm −2 ) by foreground gas in our galaxy. The conversions for each CCD in each AO were computed with the CXC program PIMMS. All count rates were exposure corrected and background subtracted. The count rate was estimated from the broad band (0.5-5.0 keV) image, even if the source was detected in only one or two of the bands. The source background in each band was determined using the residual background image from wavdetect. We also fit bremsstrahlung and power law models to all sources with more than 50 counts in any observation. With a few exceptions of heavily absorbed sources, the luminosities derived by the two methods are in general statistically consistent.
We will describe the spectral properties of the ensemble of sources in detail in a future publication. The photometric properties of a subset of these point sources, based on some or all of these observations, have been discussed elsewhere by Kraft et al. (2001) and Voss & Gilfanov (2006) . For the remainder of this paper, we concentrate on describing the identification of the X-ray point sources with the GCs in the galaxy and the optical and X-ray properties of the matched GC-LMXB pairs.
X-ray Point Sources in Globular Clusters
In the three decades since the breakthrough discovery of just one of its GCs by Graham & Phillips (1980) , 415 GCs have been found in Cen A, through either radial velocity measurement or high resolution imaging. Cen A, with a low Galactic latitude of b = 19
• , is in a field contaminated by a large number of foreground stars. There are also a large number of more distant galaxies in the field, since our target is in the foreground of the Hydra-Centaurus and Shapley superclusters (Raychaudhury 1989) . Many contaminant stars and galaxies have colors similar to those of GCs (e.g. Harris, Harris & Geisler 2004) . While the use of colors, morphologies, and sizes of objects all help to reduce the contamination from the field and select GC candidates, none are definitive methods for classification. Radial velocity measurements and high-resolution imaging (particularly with HST) are the best ways to confirm an optically-identified object as a definite GC in this challenging galaxy.
In this analysis, we use the complete catalog of 415 identified GCs published in Woodley et al. (2007) . Of these, 340 have radial velocity measurements. The systemic velocity of Cen A is 541 ± 7 km s −1 (Hui et al. 1995) , and its GCs have radial velocity measurements in the range 200-1000 km s −1 (see Peng, Ford, & Freeman 2004a; Woodley et al. 2005 Woodley et al. , 2007 . We are currently using roughly one-quarter to one-third of the entire estimated GC population of Cen A.
The X-ray point sources, found in the Chandra ACIS observations described in the previous section, were matched to our list of 340 GCs confirmed by radial velocity. We found 30 of these radially velocity confirmed GCs matched at least one X-ray source, a fraction of 8.7%, within a search radius of 1.5
′′ , and 26 of these fell within a search radius of 1 ′′ . Of the 75 GCs in the Woodley et al. (2007) catalog that are resolved by HST images, only 1 (GC0141) matched an X-ray source. This brings the matching fraction down to 7.5% for the total of 415 GCs. This range of search radius was chosen to be consistent with the accuracy of the positions of the GCs, determined from optical images, of ± 0.2 ′′ -0.3 ′′ (Harris, Harris & Geisler 2004) , as well as our X-ray point source positioning, which is better than 1 ′′ . These 30 GC X-ray sources, listed in Table 2 , represent a three-fold improvement over the Minniti et al. (2004) study which found 11 matches to confirmed GCs.
Many additional GC candidates (not yet confirmed by velocity measurement or HST imaging) have been found in previous studies based on colors and morphologies alone (see Harris, Harris & Geisler 2004; Gómez et al. 2006) , as well as objects known to match X-ray sources in previous studies (Minniti et al. 2004; Peng, Ford, & Freeman 2004a) . Of these over ∼ 450 GC candidates, we found 38 further matches with X-ray point sources within a search radius of 1.5
′′ , all of which also match within 1 ′′ . These objects also are listed in Table 2 . Because of the close physical association between LMXBs and GCs established in other galaxies, we regard these additional matches as very likely to be genuine GCs. In total, we find 67 probable GC X-ray sources in Cen A, doubling the number presented by Minniti et al. (2004) . Figure 1 displays the number of X-ray point sources that match the GCs within bins of 0.2 ′′ in search radius. We clearly see that most matches are within 0.2 ′′ -0.6 ′′ . This trend is also seen in the offsets (in arcseconds) in RA and Dec. between the 67 matches that we found in this study, also shown in Fig. 1 . The small offset between the two catalogs is well within our outer search radius of 1.5
′′ . However, we shifted the X-ray point sources by the mean offset of the matched RA and Dec. positions (RA =-0.2026 ′′ and Dec. = 0.0690 ′′ ) and rematched the sources to all GCs and GC candidate objects. We obtained the same result.
We have performed tests on our matching program to determine the probability of false matches within our sample, assuming a search radius of 1.5
′′ . Shifting the positions of the X-ray sources by 2 ′′ , 3 ′′ , 5 ′′ , and 10 ′′ in right ascension and declination lead to 0, 2, 1, and 1 false matches, respectively. We conclude that at most 1 − 2 false matches probably exist in our list of 67 matches.
Although it is unusual to find more than one bright LMXB source within a single cluster Kundu et al. 2007) , it is certainly known to occur (e.g. M15 in the Milky Way). One GC, GC0233, was found to match two X-ray point sources within 1.5 ′′ , one of them being within a smaller radius of 0.5 ′′ . It is possible that both X-ray sources are associated with this GC.
In Table 2 , the first column lists the GC ID from Woodley et al. (2007) , where clusters confirmed by either radial velocity or HST imaging have names beginning with "GC". The following columns are right ascension and declination (J2000), galactocentric radius in arcminutes, the various photometric indices (B, V , I, T 1 , (C −T 1 ), when known; magnitudes are not de-reddened), and metallicity [Fe/H] . The BV I data are taken from Peng, Ford, & Freeman (2004a) and the Washington photometry data is from Harris, Harris & Geisler (2004) . The metallicity [Fe/H] was determined from the color (C − T 1 ) 0 , using a conversion derived by , which produces an uncertainty in [Fe/H] of ±0.2 dex at the metalpoor end and ±0.07 dex at the metal-rich end for a typical photometric uncertainty of σ(C −T 1 ) ≃ 0.1, assuming a mean age of τ ∼ 13 Gyr.
The positions of the GCs and X-ray sources are shown in Figure 2 , superposed on an optical image, and their radial positions in Figure 4 . The GC X-ray sources are well within 10 ′ from the center of Cen A, limited by the extent of the Chandra fields. Figure 3 is an adaptively smoothed, exposure corrected image from a combination of the observations tabulated in Table 1 , in the the 0.5-2.0 keV band. The background has not been subtracted. The positions of the confirmed and candidate GCs are shown with the same color code as the previous figure.
While the GC system extends detectably farther out (Harris, Harris & Geisler 2004) , the majority are well within 15
′ from the galaxy center. Thus if the X-ray point sources extend beyond the innermost regions of the galaxy, we would expect only a few more detections (
′ , assuming a matching percentage of 8.7% as we found above. Nevertheless, the outer regions of Cen A have not been searched as thoroughly as the inner regions for GCs, especially with spectroscopic confirmation. Similarly, the inner 5 kpc of the galaxy has very few spectroscopically confirmed clusters due to the obscuration of the large dust lane extending across the center.
To estimate the number of GCs obscured in the vicinity of the dust lane, we show in Figure 5 the radial distribution of X-ray detections, all GCs, and GCs with associated X-ray sources in the dust lane and its vicinity. The dust lane is bounded roughly by an ellipse with semimajor axis of 4.
′ 2 and axial ratio 0.5 (Harris, Harris & Geisler 2004) . Within this region, there are 119 X-ray point sources and only 17 known GCs, 8 of which have radial velocity confirmation, many fewer clusters than the estimated 110 ± 27 (Harris, Harris & Geisler 2004) . The fraction of GCs in the 1 ′ annulus outside the dust lane region identified with LMXBs is 0.28. Applying this factor to the estimated number of clusters in the dust lane predicts 31 ± 8 matches, higher than the 12 matches we found. In other words, another ∼ 20 GCs with LMXBs may remain to be optically identified in this inner region, though identifying them will be a considerable challenge.
Properties of the Globular Clusters matched with X-ray Sources
Optical colors
Similar surveys of other early-type galaxies show that LMXBs are ≈3 times more likely to be found in the redder, more metal-rich GCs. These include the studies of M87 ), NGC 4636 (Posson-Brown et al. 2007 ), NGC 1399 , NGC 4472 (Kundu et al. 2002 ), and NGC 1553 , NGC 4365, NGC 4649, NGC 4697 (Sarazin et al. 2003 Sivakoff et al. 2007 ) and samples of five (Kundu et al. 2007 ) and eleven ) early-type galaxies within ∼ 25 Mpc. In Cen A, Minniti et al. (2004) found that LMXBs also are found preferentially in redder GCs. The raw color-magnitude diagrams are shown in Figure 7 , using the same notation, where filled circles denote GCs matched with X-ray point sources. Again, the bimodality of the GC system is apparent in all color indices. These color-magnitude plots, or the colorcolor plots (Figure 8 ) indicate that the GCs matched with X-ray sources, although redder, fall in general among the bulk of the GC population.
A few outlying X-ray sources in the BV I diagram are quite faint, and could represent contaminant sources (foreground stars or background galaxies). Furthermore, a few objects, shown in the (B −V ) versus V plot, show slightly bluer colors than the bulk of the confirmed population. All 12 matched X-ray sources with (B −V ) < 0.5 are unconfirmed GC candidates (see Table 2 ), and could therefore be younger star clusters, or simply contamination.
There are only two confirmed clusters, neither matched to an X-ray source, with (B − V ) < 0.5. These GCs (GC0084 and GC0103) have ages ≤ 1 Gyr, as estimated by Peng, Ford, & Freeman (2004b) . One of them (GC0103) appears to be located in a young blue tidal stream in the galaxy (Peng et al. 2002) . It is possible that all of the GC candidates with associated X-ray binaries and very blue colors are young clusters, or perhaps even background galaxies with X-ray emission. Only spectroscopic follow-up can conclusively determine their true nature. The positions of these blue objects are clearly seen in Fig. 4. 
Dependence on Metallicity
The (B −I) color index, which is primarily sensitive to metallicity for old stellar populations (e.g. Worthey 1994), has been shown to clearly resolve the bimodal GC populations in several brightest cluster galaxies. In a study of eight galaxies, found that the blue and red cluster populations have B − I 0 = 1.64 ± 0.03 and B − I 0 = 2.06 ± 0.05 respectively, and internal dispersions of σ B−I = 0.10 ± 0.02 and σ B−I = 0.17 ± 0.05, respectively. Assuming a foreground absorption of E(B − I) = 0.273 for Cen A, the transition between the metal-rich and metal-poor cluster populations is roughly at (B − I) ≃ 2.072. This division also agrees with the uncorrected color distributions of Peng, Ford, & Freeman (2004b) . We have used [Fe/H] data for confirmed clusters and (B − I) colors when no [Fe/H] data is available, to determine the fractions of metal-rich to metal-poor clusters hosting X-ray sources.
There is an obvious trend in the metallicity distribution of the GCs that contain X-ray point sources, when compared to the entire sample. The entire list of confirmed GCs contains 179 (53%) metal-poor and 156 (47%) metal-rich clusters of the 335 GCs with available metallicity data, closely matching previous studies (Harris, Harris & Geisler 2004; Woodley et al. 2005) . But of the confirmed GCs with X-ray sources, 6 (21%) are metal-poor and 23 (79%) are metal-rich clusters out of the 29 confirmed GC matches with available metallicity data. Of the additional candidate GC LMXBs, 16 (52%) are metal-poor (blue) and 15 (48%) are metal-rich (red) objects from the 32 candidate GCs with available metallicity data. From a straight combination of confirmed and candidate GCs, we therefore find that 22 (37%) of LMXBs match metal-poor GCs and 38 (63%) match metal-rich ones out of the 60 GCs with available data. We note though that some fraction of the GC candidates, particularly those with (B − V ) < 0.5 (see Figure 7) , might be interlopers or very young clusters, so the fraction matched to the metal-rich clusters is probably a lower limit. We conclude therefore that the ratio of metal-rich to metal-poor GCs with associated LMXBs is 1.7. While previous observations of early-type galaxies gives a ratio of ≈ 3, the scatter around this value is very large ) and comfortably includes our lower limit. If we consider only the confirmed GCs, the ratio is 3, more in line with the mean of the values found in previous studies.
Dependence on GC Mass or GC Luminosity
Finally, we explore the dependence of the incidence of point sources, which are predominantly LMXBs, on the luminosities (and indirectly on the masses) of the host GCs. Previous studies have found that X-ray point sources are preferentially found in optically more lu-minous GCs (e.g. Angelini et al. 2001; Kundu et al. 2003; Sarazin et al. 2003; Jordán et al. 2004; Sivakoff et al. 2007 ), while in the Galaxy and in M31 they have been noted to occur in the denser GCs (Bellazzini et al 1995) . Because of the fact that the sizes of GCs do not correlate with their mass for masses M 2 × 10 6 M ⊙ (McLaughlin 2000; Jordán et al. 2005 ) a preference of LMXBs in massive clusters translates into a preference for denser GCs, which in the picture of dynamically formed LMXB progenitors is the most fundamental property. In the left panel of Figure 9 , we plot the distribution of the I-band magnitudes of all the GCs (open histogram) along with the magnitude distribution of those that match point sources (filled histogram). As before, the hatched histogram corresponds to all GCs out to 16.5 kpc. While LMXBs are hosted by GCs having luminosities in a wide range, it is clear that the distribution of GCs that host an LMXB does not follow the parent GC distribution. Instead, the distribution is much flatter as a consequence of a higher fraction of massive GCs hosting LMXBs.
In the right-hand panel of Fig. 9 , in each one-magnitude bin, we have calculated the total I-band luminosity of all GCs by assuming the adopted distance of 3.8 Mpc (for GCs with no I magnitude, we use an estimate from their T 1 magnitude). We plot the number of matched X-ray point sources per unit GC luminosity (for all GCs with r < 16.5 kpc) in each bin. The errors reflect Poisson errors in the number of GCs. We have made an approximate correction for completeness, by comparing the number of GCs in each magnitude bin to those predicted by the GC luminosity function and radial distribution of GCs in . This correction is very large and uncertain fainter than I = 19.87, which is indicated by the dashed vertical line.
The number of matched point sources (or, equivalently, the number of matched GCs) per unit GC luminosity is consistent with being constant across the luminosity range of our GC sample. We determine that GCs in Cen A host on average ≈ 0.4 LMXBs per 10 6 L ⊙,I (uncorrected luminosities). In other words, and consistent with previous studies (e.g. Sarazin et al. 2003; Jordán et al. 2004; Sivakoff et al. 2007) , we find that the number of X-ray point sources per unit GC luminosity is roughly constant or, equivalently, that the probability of a GC hosting an LMXB is roughly proportional to its mass. Sarazin et al. (2003) found in their sample of four galaxies that GCs host ≈ 0.15 LMXBs per 10 6 L ⊙,I . Their lower value, compared to the one found here, can be understood as the result of the fact that their LMXB samples were restricted to higher X-ray luminosities than ours (their X-ray point source sample has mostly L X 10 38 erg s −1 ). Therefore, they probe a smaller fraction of the LMXB population which naturally implies a lower observed number of LMXBs per unit GC mass.
Properties of the matched X-ray point Sources
The four Chandra/ACIS observations explored in this work together cover almost all (about 310 sq.arcmin) of the circle of radius 10 arcmin centered on the galaxy (see Fig. 2 , also Voss & Gilfanov (2006) ). According to the Moretti et al. (2003) compilation of pointsource counts various ROSAT and Chandra Deep Field surveys, the number of background sources (mostly AGN) expected down to a 0.5-2 keV flux limit of f X > 1 × 10 −15 erg s −1 cm −2 and f X > 5 × 10 −16 erg s −1 cm −2 within this area of the sky is 67 and 104 respectively. We find 153 and 185 X-ray point sources brighter than these flux limits respectively within this circle. Here we use the 0.5-2 keV flux for each point source, taking the mean value for sources that are detected in multiple observations.
If we take a smaller circle, that of radius 5 arcmin, from the centre, the background counts down to the flux limit of f X > 1 × 10 −15 erg s −1 cm −2 and f X > 5 × 10 −16 erg s
within this radius are 17 and 26, whereas we detect 92 and 114 point sources down to these flux limits respectively.
In Figure 10a , we plot the luminosity function (LF) of the matched X-ray point sources (solid histogram) within 5 ′ of the center of Cen A. There are 36 matched point sources within this region. Of these, 30 have mean 0.5-2 keV fluxes more than f X > 5 × 10 −16 erg s −1 cm −2 . Down to this flux limit, there are 84 sources that are not matched with any confirmed or candidate GC. The unmatched sources are represented by the red unbroken histogram in the same plot.
It can be argued that a significant fraction of the unmatched X-ray sources may lie in the dust lane region, where there are far fewer detected GCs than X-ray point sources (see Fig. 2 ) . To investigate this, we define the dust lane region to be an ellipse with a semi-major axis of 4.5 ′ , parallel to the dust lane, and a semi-minor axis of 1.2 ′ , thus occupying 22% (but in the core of the galaxy) of the surveyed area within the 5 ′ circle (see Fig. 2 ). Outside this dust lane region, shown as the purple dashed curve, 44 of the 84 unmatched sources with flux f X > 5 × 10 −16 erg s −1 cm −2 exist. This shows that if one excludes the dust lane region, the numbers of matched and unmatched point sources are comparable, down to a luminosity of about L X = 8.6 × 10 36 erg s −1 . For the distributions of these 30 and 44 objects respectively, a Kolmogorov-Smirnov (K-S) test shows that the probability that the two subsamples could be drawn from the same population is about 54%.
The black dash-dotted and dotted curves represent the expected counts of background Xray sources (mostly AGN and background galaxies) estimated from the Moretti et al. (2003) compilation, normalized to the area covered by the solid red histogram and dashed purple histograms respctively. Brighter than ∼ 5 × 10 −16 erg s −1 cm −2 , there are 26 background sources expected within the 5 ′ circle, but only 16 if one considers the area within the circle excluding the dust lane. So outside the dust lane, within 5 ′ , 36% (=16/44) of the unmatched sources are expected to be background ones. It must also be noted that Voss & Gilfanov (2006) find that in the Cen A field, the density of X-ray point sources is significantly higher than the average values found by studies by that of Moretti et al. (2003) . Even with the enhanced background counts, the background point source population does not account for at least half of the unmatched sources above a flux of ∼ 5 × 10 −16 erg s −1 cm −2 , even outside the dust lane region, where the GC catalogue is expected to be reasonably complete.
In Figure 10b , we plot the same curves for the X-ray point sources within 10 ′ of the center of Cen A. There are 53 matched point sources within this region with flux more than f X > 5 × 10 −16 erg s −1 cm −2 , whereas there are 133 sources that are not matched with any confirmed or candidate GC, 93 of which are outside the dust lane region. Unlike the above case of <5 arcmin objects, the subsamples of the matched 53 sources and unmatched 93 sources have a 1.7% chance of being drawn from the same population, according to the K-S test. This shows that outside the 5 ′ circle, the detected point sources are increasingly not associated with the galaxy. Indeed, of these 93 unmatched sources out to 10 arcmin, 62 are expected to be background sources from the Moretti et al. (2003) counts, and higher according to the Voss & Gilfanov (2006) study.
Concluding remarks
We have presented a study of the connection between GCs and LMXBs using a groundbased catalog of GCs and an X-ray point source list constructed using four Chandra/ACIS Xray observations of the nearby early-type galaxy Cen A, obtained over a four-year period, each with an exposure time of 37-50 ks. Of the 353 X-ray point sources detected on one or more of these Chandra fields, 67 are found to be hosted by known GCs or GC candidates. Thirty of these matches correspond to GCs confirmed by radial velocity, and 1 match corresponds to a resolved GC by HST imaging. Even in the central heavily obscured dust lane, we find matches between the two populations, although the optical samples are significantly incomplete in that region.
As in many other early-type galaxies (e.g. Peng et al. 2006) , the GCs in Cen A have a large range in metallicity and a bimodal color distribution. A three-to-one majority of the matched X-ray point sources are seen to lie in the redder, more metal-rich GCs: specifically, 156/335 (44%) of the confirmed GCs are in the metal-rich subpopulation, while 23/29 (79%) of the X-ray point sources matched to confirmed GCs lie in these clusters. We also note a possible double X-ray point source detection in the radially velocity confirmed GC0233. Also in agreement with previous studies, we find that luminous GCs are most likely to host LMXBs. Quantitatively, the number of LMXBs per unit GC mass is roughly constant. The lack of correlation between GC size and mass implies that denser GCs are more likely to host LMXBs, as expected if most GC LMXB are formed dynamically by tidal capture or exchange processes in GC cores.
Our expanded sample of GC-LMXB identifications in Cen A gives further support for a consistent picture which has been emerging from combined optical and Chandra observations of early-type galaxies. Important factors determining the presence of LMXBs in GCs which can be easily determined from ground-based observations are their mass, which is a reflection of a more fundamental dependence on dynamical formation rates , and their metallicity. The latter is a bona fide effect which seems not to follow from any possible trends of GC structural properties or age with metallicity.
The X-ray luminosity function of the LMXBs that are found in GCs and of those that are not matched with GCs are found to have the same slope, revealing similar underlying populations. In fact, if one samples the areas of the galaxy that have more complete coverage for both the LMXB and GC populations (away from the dust lanes and within 10 ′ of the galaxy center), half of the LMXBs are found within GCs.
However, there is some indication that, towards the faint end of the luminosity function, the fraction of LMXBs found in GCs is far lower than at the more luminous end, but it is not clear whether this is due to incompleteness effects at the faint end. Cen A offers a unique opportunity to study this question because of its proximity, and we will probe the LMXB/GC connection with our upcoming deep observations to X-ray luminosities unattainable in more distant early-type galaxies. In addition, we plan to use high-resolution optical imaging material, from both ground based telescopes and from the HST/ACS, to probe the structural properties of the GCs with and without LMXBs, as well as the Chandra spectral properties of the X-ray sources.
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b GCs with radial velocity measurement listed as an average weight of all previous measurements in Woodley et al. (2007) . c GC0233 matched both X-ray point source 55 and 56 within 1.5 ′′ , and one of them within 0.5 ′′ .
d Minniti et al. (2004) suggest that Minniti53 is spectroscopically confirmed from Harris et al. (1992) , yet in this study, we do not find that the position of Minniti53 matches any previously known GC with a radial velocity measurement within a search radius of 2 ′′ . We list this object as a candidate GC. ′′ and Dec. = 0.0690 ′′ exists. We have used these offsets to align the X-ray point source catalog with the GC positions in order to search for LMXBs. and the GCs and candidates with X-ray matches (closed circles) in (B − V ). GC candidates with X-ray matches with a color of (B − V ) < 0.5 are too blue to be old GCs. The number of matched X-ray point sources per unit GC luminosity (for all GCs with r < 16.5 kpc) as a function of I magnitude of the GCs. In each one-magnitude bin, the total I-band luminosity of all GCs is calculated by assuming them to be all at the adopted distance of the galaxy, and an estimated correction is made for incompleteness (see §4). The number of matched LMXBs per unit light is independent of GC luminosity. The sample is seriously incomplete fainter than I = 19.87, indicated by the dashed vertical line. , that are found to match a GC. For comparison, we also plot the LF of all the X-ray point sources that did not match GCs (red solid histogram, N = 84). Of these, the unmatched source within 5
′ , but outside the dust lane region (N = 44 brighter than 5 × 10 −16 erg s −1 ) are shown as the dashed purple histogram. The black dash-dotted and dotted curves represent the expected counts of backgound X-ray sources (mostly AGN and background galaxies) estimated from deep blank sky surveys, compiled by (Moretti et al. 2003) , normalized to the area covered by the solid red histogram and dashed purple histogram respctively. Clearly the background sources do not account for almost half of the unmatched sources above a flux of ∼ 5 × 10 −16 erg s −1 cm −2 , even outside the dust lane region where the GC catalogue is expected to be reasonably complete. In this plot, we use the 0.5-2 keV luminosity of each point source, taking the average value for sources that are detected in multiple observations. (Right:) The same curves, but for all sources found within 10 ′ of the center of Cen A. Outside the 5 arcmin region, the fraction of unmatched sources accounted for by background sources is subtantially larger.
